Glucose-stimulated insulin secretion (GSIS) from pancreatic β-cells requires an increase in intracellular free Ca 2+ concentration ([Ca 2+ ]). Glucose uptake into β-cells promotes Ca 2+ influx and reactive oxygen species (ROS) generation. In other cell types, Ca 2+ and ROS jointly induce Ca 2+ release mediated by ryanodine receptor (RyR) channels. Therefore, we explored here if RyR-mediated Ca 2+ release contributes to GSIS in β-cell islets isolated from male rats.
Introduction
In the electrically excitable pancreatic β-cells, an increase in intracellular Ca 2+ concentration ([Ca 2+ ] i ) is the primary trigger for glucose-stimulated insulin secretion (GSIS) [1] . Current models propose that GSIS entails a sequence of events initiated by glucose uptake into β-cells via a low affinity glucose transporter (GLUT-2). The ensuing accelerated metabolism of intracellular glucose increases the cytoplasmic ATP/ADP ratio [2, 3] , which sequentially causes plasma membrane depolarization through closure of ATP-sensitive K + channels and Ca 2+ influx through voltage-dependent Ca 2+ channels; the resulting increase in [Ca 2+ ] i promotes insulin secretion [4] .
Previous studies have reported that Ca 2+ release from intracellular stores contributes to the [Ca 2+ ] i rise induced by glucose in β-cells [5] . Both, the inositol 1,4,5-trisphosphate (InsP 3 ) receptor [6] and the ryanodine receptor (RyR) [7] channels mediate Ca 2+ release from sarco/endoplasmic reticulum (SR/ER); these two channel types are present in pancreatic β-cells [8, 9] . The role of InsP 3 receptor-mediated Ca 2+ release in muscarinic receptor-stimulated insulin secretion is well-established [10] . In addition, β-cells undergo Ca
2+
-induced Ca 2+ release (CICR) in response to Ca 2+ entry through plasma membrane L-type Ca 2+ channels [11] [12] [13] . Yet, the contribution of CICR and the specific role of RyR-mediated CICR in GSIS remain undefined. Mammalian cells express three RyR isoforms (RyR1, RyR2, RyR3) that display~70% identity and are encoded by three different genes [7] . Physiological ions and endogenous molecules (Ca 2+ , ATP, Mg 2+ and cyclic ADP-ribose), pharmacological agents, phosphorylation and oxidation reactions modulate RyR channel activity [7] . Studies addressing the participation of RyR-mediated Ca 2+ release in GSIS have not provided conclusive evidence. Membrane fractions isolated from INS-1 and RINmF5 β-cell lines [14] or from MIN6 β-cells [15] contain all three RyR isoforms; the RyR2 isoform has the highest expression level, although it is expressed at much lower density than in primary hippocampal neurons [14] or muscle cells [15] . Of note, RyR agonists elicit Ca 2+ release from microsomes isolated from islets [16] , or from ER isolated from β-cells [16, 17] . By mediating CICR via PKA-independent signaling mechanisms, in INS-1 rat insulinoma cells RyR channels may contribute to the potentiation of GSIS produced by the hormone glucagon-like peptide 1 (GLP-1) [18] . Other reports have suggested RyR involvement in the [Ca 2+ ] i increase produced by glucose or agonists in pancreatic β-cells [14, 16, 17, 19, 20] . Moreover, treatment of the mouse insulinoma cell line MIN6 with inhibitory ryanodine (μM range) decreases GSIS [15] . In contrast, other studies have reported that incubation with inhibitory ryanodine does not prevent insulin secretion in human islets [21] or in the INS-1 rat insulinoma cell line [22] . These conflicting results justify further studies into the role of RyR-mediated Ca 2+ release on GSIS.
In addition to increasing [Ca 2+ ] i , glucose stimulates by different cellular pathways the generation of reactive oxygen species (ROS) in β-cells [23] ; increased cellular ROS levels regulate physiological [24] and pathophysiological processes [23] . In MIN6 cells, elevated glucose levels and sulfonylureas, which stimulate depolarization by inhibition of ATP-sensitive K + channels, seem to enhance ROS production through NADPH oxidase (NOX) activation [25] . Most studies describing the effects of ROS in β-cells have focused on their deleterious actions when present in excess [26] . Yet, ROS act as intracellular signals for insulin secretion when present at physiological levels [24] . Glucose oxidation under physiological conditions results in hydrogen peroxide (H 2 O 2 ) and hydroxyl radical generation [27] . Of note, treatment of rat islets kept at basal glucose concentrations with hydrogen peroxide or alloxan, a molecule which acutely increases intracellular H 2 O 2 levels, causes a rapid elevation of [Ca 2+ ] i and produces a transient increase in insulin release [28, 29] .
Pasteur pipette. Cells suspended in RPMI 1640 containing 10% FBS and 5 mM glucose were plated onto glass coverslips coated with 40 μg/ml polylysine to facilitate cell adherence.
MIN6 Cell Culture
The mouse insulinoma MIN6 pancreatic β-cell line [34] , kindly provided by Dr. Paolo Meda (Geneva, Switzerland), was maintained at 37°C in Dulbecco's modified Eagle's medium containing 15% FBS, 100 mU/ml penicillin, 100 mg/ml streptomycin, 11 mM glucose, in an atmosphere of 95% O 2 /5% CO 2 .
Insulin Secretion
All determinations of insulin secretion were performed in pancreatic islets under static incubation. Briefly, 15 islets of 150-200 μm diameter kept in 24-well plates were pre-incubated for 1 h at 37°C in Krebs-Ringer bicarbonate (KRB) buffer containing (in mM): 120 NaCl, 5 KCl, 1 MgCl 2 , 2.5 CaCl 2 , 25 NaHCO 3 (equilibrated with 5% CO 2 −95% O 2 , pH 7.4), 0.5% bovine serum albumin, 2.8 mM glucose. The pre-incubation medium was then replaced with KRB buffer supplemented with different glucose concentrations (basal: 2.8 mM; stimulatory: 16.7 or 27.7 mM) as well as other test agents. After incubation for 1 h at 37°C, the supernatant was collected and stored at -80°C for later analysis of insulin content by ELISA (Mercodia Rat Insulin ELISA, Sweden).
Evaluation of ROS Production in β-Cells and Pancreatic Islets
The commercial probe CM-H 2 DCFDA was used to evaluate intracellular ROS generation. Cells or islets were placed on glass coverslips and cultured overnight in RPMI 1640 containing 10% FBS and 5 mM glucose. The coverslips were then washed with Hank´s buffer solution (HBSS; in mM: 125 NaCl, 5.4 KCl, 5 NaHCO 3 , 0.3 Na 2 HPO 4 , 0.4 KH 2 PO 4 , 5.5 glucose, 10 HEPES-Na; pH 7.4), and incubated for 1 h at 37°C with KBR buffer containing 2.8 mM glucose, 16.7 mM glucose or 2.8 mM glucose plus 100 μM H 2 O 2 . Cells were loaded next with 10 μM CM-H 2 DCFDA and after 60 min digital fluorescence images were obtained in a confocal microscope (Pascal 5, Zeiss, Germany), using an excitation wavelength of 488 nm and a 515 nm long pass emission filter.
[Ca

2+ ] i Measurements
Isolated β-cells were maintained on glass coverslips overnight prior to each experiment. Cells were loaded with the Ca 2+ -sensitive dye fura-2 AM (2 μM with 0.02% Pluronic acid in HBSS) by incubation for 45 min at 37°C. To test the effects of H 2 O 2 , cells were incubated for 1 h with 100 μM H 2 O 2 and then loaded with fura-2 AM for 30 min. All fluorescence determinations were performed at room temperature. Dual wavelength excitation microspectrofluorimetry was performed ratiometrically at 1-s intervals using a digital video imaging system (Ionwizard 4.4; IonOptix Corp., Milton, MA, USA). Calibration of raw fluorescence values was performed using fura-2 pentapotassium salt dissolved in calibration buffer solutions (Calcium Calibration Kit 1 with Magnesium 
Binding of BODIPY FL-X Ryanodine
Binding of BODIPY FL-X ryanodine to pancreatic islets was evaluated by confocal microscopy. The islets were loaded with 50 μM BODIPY FL-X ryanodine for 1 or 12 h at 37°C and then washed with KRB three times and maintained in this solution. Digital images of BODIPY FL-X fluorescence were acquired in a confocal microscope (Pascal 5, Zeiss, Germany) using an excitation wavelength of 488 nm and a 515 nm long-pass emission filter. In situ Proximity Ligation Assay (PLA)
Immunofluorescence Staining
To detect RyR2 S-glutathionylation in situ, we used a proximity ligation assay (Duolink II red starter kit) according to the manufacturer instructions, plus primary antibodies against RyR2 (Millipore Corp.) and S-glutathionylated protein adducts. Briefly, β-cells disaggregated from islets and incubated 24 h in RPMI 1640 culture medium containing 10% FBS and 5 mM glucose, were incubated overnight at 4°C in a humid chamber with the above primary antibodies. Cells were incubated next for 1 h at 37°C with Duolink, plus and minus secondary antibodies; these secondary antibodies contain oligonucleotides that in Duolink Ligation Solution form a closed circle when in close proximity (optimal resolution, 30-40 nm). Circle formation was detected by subsequent addition of polymerase to amplify the closed circles, which were detected next with the complementary oligonucleotides, fluorescently labeled, provided in the Duolink kit. Fluorescence images were acquired in a confocal microscope as described above. After incubation with the PLA probes, β-cells were identified by immunofluorescence with insulin antibodies. Statistical analysis-Data are expressed as Mean ± SEM. One-way ANOVA followed by Tukey's multiple comparison test was used to compare groups. A p-value 0.05 was considered significant.
Results
Pancreatic Islet β-cells Express the RyR2 Isoform
Previous reports indicate that β-cell lines express the three mammalian RyR isoforms [14, 15] , plus a newly described RyR isoform [36] . By immunohistochemical analysis, we detected the presence of the cardiac RyR2 isoform in rat endocrine pancreas. In cross sections of pancreatic tissue, RyR2 fluorescent label was present in islets (endocrine pancreas) and pancreatic acini (exocrine pancreas) (Fig 1A) . Within the islets, the RyR2 signal co-localized with insulin, a specific marker of pancreatic β-cells. In disaggregated islets, immunostaining for RyR2 was apparent in both insulin-positive and insulin-negative cells (Fig 1B) . The RyR2 signal in β-cells, which have a highly developed ER typical of secretory cells, was strongest in the cell periphery near the plasma membrane. By immunocytochemical analysis, we also detected RyR2 in the mouse pancreatic β-cell line MIN6 and in pancreatic β-cells dissociated from islets. In both cell types, the RyR2 signal co-localized with calnexin (S1 Fig), a well known ER marker [37] . Immunoblot analysis of MIN6 cell homogenates revealed a distinct band corresponding to RyR2 (S2 Fig) . In contrast, we did not detect a band corresponding to RyR2 in immunoblots of islet homogenates. Presumably, RyR2 density in whole islet homogenates is too low for detection by this technique; this feature would explain why there are no reports in the literature describing the presence of RyR2 in islets by immunoblot analysis. Taken together, these results confirm that pancreatic β-cells express the RyR2 protein isoform, which seems to be the predominant RyR isoform present in β-cells [9, 14] . We did not examine the presence of other RyR isoforms. Additionally, semi-quantitative RT-PCR analysis showed that rat pancreatic islets expressed RyR2 mRNA (S2 Fig) , confirming previous findings [16, 17, 38] .
Equilibration of a Fluorescent Ryanodine Analog in Pancreatic β-Cell Islets
Ryanodine is a plant alkaloid that acts as a RyR channel agonist at nM concentrations but is a potent and highly selective channel inhibitor at μM concentrations. Because of these distinctive actions and its high degree of specificity (to date no other cellular targets have been reported), ryanodine is widely considered the "gold standard" to test RyR channel function and is often used to functionally identify RyR channels [7] . Ryanodine is membrane permeable, so within cells it targets ER-resident RyR channels where it binds preferentially to RyR channels in the open state. Hence, effective inhibition of RyR channels present in complex systems, such as the pancreatic β-cell islets, is likely to require both high concentrations of ryanodine and long incubation times to ensure access of inhibitory ryanodine concentrations to all cells within the islet. To test if incubation time affected the distribution of ryanodine, rat islets were incubated for 1 h or 12 h with BODIPY-ryanodine, a permeable and fluorescent ryanodine analog. BODIPYryanodine showed a relatively homogeneous distribution throughout the islet after prolonged incubation (12 h; S3B Fig) ; in contrast, after 1 h of incubation the fluorescent probe was found only in cells present at the periphery of the islet (S3A Fig) . Accordingly, we tested below the inhibitory effects of ryanodine on GSIS after incubating islets for 12 h with this plant alkaloid. As detailed below, this long incubation period with inhibitory ryanodine did not prevent insulin secretion in response to carbachol plus stimulatory glucose concentration.
Glucose-Stimulated Insulin Secretion Requires Functional RyR
Stimulatory glucose (16.7 mM) increased insulin secretion rate (μg/l h -1
) from an average basal value of 4.7 ± 0.7 to a value of 12.6 ± 2.1 (Fig 2A, left panel) . Incubation with inhibitory ryanodine for 12 h decreased GSIS rate to 5.6 ± 1.6 (μg/l h -1 ), a value not significantly different to the average basal level determined in the absence of ryanodine. After 12 h incubation with ryanodine, the average insulin secretion rate in basal glucose (2.8 mM) was 1.7 ± 1.0 (μg/l h -1 ) ( Fig  2A, left panel) , not significantly different from the average basal value. In agreement with the lack of penetration of BODIPY-ryanodine into the islet after 1 h, pre-incubation with inhibitory ryanodine for 1 h did not affect insulin secretion from islets incubated with basal (2.8 mM) or stimulatory (16.7 mM) glucose compared to controls (Fig 2A, right panel) .
To test if islets remained functional and with the ER loaded with Ca 2+ after prolonged incubation (12 h) with 200 μM ryanodine, we treated islets with 30 μM carbachol to stimulate insulin secretion. Previous reports have established that carbachol, a pharmacological agonist of muscarinic receptors, stimulates insulin secretion from pancreatic β-cells in a strictly glucosedependent manner, through a pathway that engages Ca 2+ release mediated by InsP3 receptors [39, 40] . As expected, carbachol did not stimulate insulin secretion when added at basal glucose concentration, but at stimulatory glucose concentration it significantly increased insulin secretion, from 13.7 ± 1.6 to 38.9 ± 16.7 (μg/l h -1 ) (Fig 2B) . Joint addition of glucose and carbachol to islets pre-incubated 12 h with inhibitory ryanodine produced insulin secretion rates of 37.5 ± 6.9 (μg/l h -1 ). These values are not significantly different to those produced by carbachol plus glucose in the absence of ryanodine, indicating that inhibitory ryanodine did not affect carbachol-mediated pathways. In addition, by using thapsigargin to inhibit the SERCA pump in Ca 2+ -free solution, and thus promote net Ca 2+ efflux from the ER, we tested directly if pro- 
Glucose Stimulates ROS Production in Isolated Islets and Single Pancreatic β-Cells
In islets and single β-cells loaded with the ROS-sensitive probe CM-H 2 DCF, stimulatory glucose (16.7 mM) increased probe fluorescence 1.3 fold and 2.5-fold, respectively, relative to the basal condition (Fig 3) . These results confirm previous reports that glucose increases ROS generation in islets and β-cells [24] . Incubation with H 2 O 2 for 1 h of islets or β-cells maintained in basal glucose concentration (2.8 mM) also increased probe fluorescence, 1.4 fold in islets and 2.8-fold in cells relative to the basal condition, indicating that H 2 O 2 addition in basal glucose produces a comparable increase in probe fluorescence as that produced by stimulatory glucose.
N-Acetyl Cysteine Suppresses GSIS and Inhibits Insulin Secretion Stimulated by Glucose and Caffeine
Pre-incubation with the antioxidant NAC for 1 h did not affect basal insulin secretion but fully inhibited GSIS, which decreased from 14.6 ± 2.1 to 5.5 ± 1 (μg/l h -1 ) (Fig 4A) . Addition of 2.5 mM caffeine, which at this concentration acts primarily as a pharmacological RyR agonist [22] , did not stimulate insulin secretion when measured at basal glucose levels ( Fig 4B) . As reported earlier [41] , caffeine markedly stimulated insulin secretion, from 14.0 ± 1.3 to 90.6 ± 15.0 (μg/l h -1
) when tested at a stimulatory glucose concentration, whereas NAC significantly decreased insulin secretion jointly stimulated by glucose and caffeine (Fig 4B) . In contrast, incubation with NAC did not affect insulin secretion jointly stimulated by carbachol plus 16.7 mM glucose (Fig 4C) or by 27.7 mM glucose (S5 Fig).
Exogenous H 2 O 2 Has a Dual Effect on Insulin Secretion
Pre-incubation of pancreatic islets for 1 h with H 2 O 2 added as an exogenous ROS source had a dual effect on insulin secretion. Under conditions of low glucose (2.8 mM), addition of H 2 O 2 stimulated insulin secretion to a value of 11.7 ± 1.7 (μg/l h -1 ); this value is nearly 2-fold higher than the basal value of 6.1 ± 0.9 (μg/l h -1 ) (Fig 5A) . Pre-incubation with 100 μM H 2 O 2 for 1 h of islets kept in low glucose produced a modest decrease (13%) in cell viability. Under conditions of stimulatory glucose (16.7 mM) concentrations of H 2 O 2 ! 100 μM significantly decreased insulin secretion ( Fig 5B) ; these results are in agreement with a previous report showing that 200 μM H 2 O 2 significantly decreased GSIS in islets [29] . Concentrations of H 2 O 2 < 100 μM were ineffective either at basal or stimulatory glucose concentrations.
Insulin Secretion Induced by H 2 O 2 at Basal Glucose Concentration Requires Functional RyR Channels
To test RyR participation in the enhancement of insulin secretion induced by H 2 O 2 in basal glucose concentration, we incubated islets with inhibitory ryanodine for 12 h prior to H 2 O 2 addition. In these conditions, addition of H 2 O 2 in basal glucose did not stimulate insulin secretion (Fig 6) . In contrast, as illustrated in Fig 6, ] i = 142.6 ± 21.5 nM, which did not change after addition of H 2 O 2 ( Fig 7A) . As illustrated in Fig 7B, H (Fig 7C) . Yet, these same cells did respond to subsequent addition of 90 mM KCl with a marked increase in [Ca 2+ ] i (Fig 7C) . The observations that disaggregated β-cells incubated overnight with inhibitory ryanodine maintained [Ca 2+ ] i at resting levels, and responded to 
Glucose-Dependent ROS Production Increases S-glutathionylation of RyR Cysteine Residues
Previous studies have established that the RyR1 and RyR2 mammalian isoforms present reactive cysteines that readily undergo redox modifications, such as S-glutathionylation, which enhance RyR-mediated CICR [30] . To evaluate if glucose modified RyR2 S-glutathionylation levels, we used a novel proximity ligation assay (PLA) that generates a fluorescence signal if the targets lie within an optimal distance of 30-40 nm. In this particular case, the two targets were the RyR2 protein and S-glutathionylated protein adducts. Isolated β-cells stimulated for 1 h with 16.7 mM glucose displayed a significant increase in fluorescent dot density (Fig 8A) , which increased from a basal value (in arbitrary units) of 37 ± 5 in 2.8 mM glucose, to 129 ± 14 in 16.7 mM glucose (Fig 8B) . Incubation of cells with H 2 O 2 for 1 h induced a similar stimulation of fluorescence intensity ( Fig 8A, third row) , yielding a fluorescent dot density of 136 ± 15 ( Fig 8B) . Lastly, β-cells pre-incubated with NAC for 1 h and subsequently stimulated with glucose (16.7 mM) for 1 h displayed a significant reduction of fluorescent dot density (Fig 8A, fourth row) , with values of 73 ± 14, dots per cell (Fig 8B) . Images of these cells taken at different confocal planes are illustrated in S6 Fig. These results strongly suggest that glucose-induced ROS generation promotes S-glutathionylation of RyR2 cysteine residues, which decreases in cells pre-incubated with NAC.
Discussion
Previous reports have shown that pancreatic islets and β-cell lines express functional RyR channels [9] that give rise to nuclear Ca 2+ signals [42] . To explore the presence of RyR channels in β-cells, previous studies have employed pharmacological tools [11] , endogenous RyR ligands [16, 19, 43] , detection of RyR mRNA levels [16, 17, 38] and protein [14, 15, 21, 44] , or quantitative determinations of ryanodine binding using fluorescently-labeled ryanodine [38] . Here, we confirmed that β-cells dissociated from pancreatic rat islets and MIN6 pancreatic β-cells express the RyR2 isoform. In contrast to previous studies describing RyR2 localization in insulin secretory vesicles [45] and/or endosomes [21] , we found RyR2 co-localized with the ER marker calnexin in both cell types.
A Role of RyR Channels in GSIS
In spite of the fact that β-cells express functional RyR channels, there is no consensus that RyR-mediated Ca 2+ release plays a significant role in GSIS [9] . Previous studies have shown that RyR-mediated Ca 2+ release determines cell viability in pancreatic islets [46] and mediates insulin secretion in INS-1E cells [22] . Additionally, RyR-mediated Ca 2+ release mediates the activation of TRP-type channels, leading to subsequent depolarization of the plasma membrane [47] ; RyR channels also mediate CICR in MIN6 pancreatic β-cells [12] and RyRmediated Ca 2+ release contributes to mitochondrial ATP synthesis via GLP-1 [48] . In agreement with previous studies [14, 22] , we found that caffeine, which at the low concentrations used in this work acts primarily as a RyR agonist [22] , increased GSIS but did not stimulate insulin secretion when added at basal glucose levels. maintained in basal glucose. Furthermore, the antioxidant agent NAC markedly decreased insulin secretion jointly stimulated by glucose and caffeine, suggesting that caffeine requires glucose-induced ROS generation to effectively trigger RyR-mediated CICR and stimulate GSIS.
To examine more directly the role of RyR-mediated Ca 2+ release on GSIS in pancreatic β-cell islets, we inhibited RyR function with inhibitory concentrations of ryanodine, an agent which to date has no other reported cellular targets. We observed complete GSIS suppression in islets incubated with inhibitory ryanodine for 12 h. This condition did not produce extensive cellular damage, since cholinergic stimulation with CCh of glucose-induced insulin secretion, a process that includes membrane depolarization, InsP 3 generation, InsP 3 receptor-mediated Ca 2+ release and the ensuing fusion of insulin-containing vesicles [39] , was not affected. In addition, we show that β-cells retained their ER Ca 2+ content after prolonged incubation with inhibitory ryanodine, in agreement with a recent report in primary hippocampal neurons [49] . In contrast to the results observed after overnight incubation with ryanodine, we found that exposure of islets for 1 h to inhibitory ryanodine did not affect GSIS. These results are similar to other findings reported in the literature, which provided support for the lack of RyR involvement in GSIS. For example, in isolated human islets, incubation for 1 h with different concentrations of ryanodine (inhibitory and stimulatory) stimulates insulin secretion [21] , while 1 h exposure of INS-1 cells to inhibitory ryanodine does not inhibit insulin secretion [22] . Our findings indicate that the exposure time to inhibitory ryanodine is critical to assess the functional roles of RyR in pancreatic islets, and may provide a methodological explanation for the discrepant findings reported in the literature. Based on the slow diffusion of the fluorescent ryanodine analog BODIPY-Ryanodine into the islets, we propose that ryanodine requires a long time to reach inhibitory concentrations in all cells within the islets, which are composed of a highly compact cluster of 1,000-5,000 cells. RyR-Mediated GSIS Requires ROS While ROS are damaging to cells when present in excess, controlled ROS generation plays a central role in cell signaling [50, 51] . Previous reports indicate that β-cells express antioxidant enzymes at relatively low levels [52, 53] , a trait which may make β-cells particularly susceptible to oxidative damage. In fact, oxidative stress may be an important factor in the development of β-cell failure during the progression of type-2 diabetes, since excessive ROS production is deleterious for β-cell function [23, 54] , and increased ROS production may underlie the cellular damage produced by both lipo-and gluco-toxicicity [23, 55] . Nonetheless, other studies [24, 31] support a role for physiological ROS concentrations as second messengers in insulin secretion. An increase in extracellular glucose concentration enhances ROS generation in pancreatic β-cells [56] , as confirmed here, while other studies indicate that GSIS requires mitochondrial ROS production [31] . The low antioxidant enzyme levels of β-cells are likely to make them especially sensitive to ROS-mediated signaling under physiological conditions. Our results, showing that incubation of islets with the antioxidant agent NAC prevented GSIS and markedly decreased insulin secretion jointly stimulated by glucose and caffeine, support and extend these previous findings. NAC has been widely used as an effective antioxidant agent in vivo and in vitro [57] . Results similar to ours have been described in INS-1 cells, where the exogenous application of NAC inhibits insulin secretion stimulated by glucose [24] . We found that NAC did not modify carbachol-stimulated insulin secretion, suggesting that NAC does not prevent alternative cellular mechanisms underlying insulin secretion. Hence, we propose ROS production is a requisite step for GSIS but not for insulin secretion jointly stimulated by glucose and carbachol.
Previous studies in other cell types indicate that RyR channels are highly susceptible to changes in cellular redox state, making RyR a potential cellular redox sensor protein that does not respond to activation by Ca 2+ when key cysteine residues are in the reduced state [30] . We found that a reduced cellular environment is not conducive to GSIS. Additionally, we observed a direct correlation between GSIS inhibition by NAC and the marked decrease in RyR2 S-glutathionylation levels produced by NAC. Consequently, we suggest that GSIS inhibition by NAC is due to reduction of RyR2 cysteine residues, a redox modification that prevents activation of RyR channels by Ca 2+ in muscle and neurons [55] , and that hinders RyR-mediated CICR in other excitable cell types [30] . Supporting our proposal, a recent study in patients with rare RyR2 mutations that produce leaky RyR2 channels, complemented by experiments in islets and β-cells from transgenic mice expressing these defective RyR2 channels (that display intracellular Ca 2+ leak via oxidized/nitrosylated RyR2 channels), concluded that RyR2 plays a crucial role in the regulation of insulin secretion and glucose homeostasis [58] . [30, 59] . Additionally, we found that 100 μM H 2 O 2 disrupted GSIS, confirming previous reports in rat islets [29] and mouse pancreatic β-cells [60] . Chronically high glucose concentrations increase superoxide production and proton leak in mitochondria, reducing ATP levels and causing impaired GSIS in islets from rodents [54] . Hence, we propose that addition of 100 μM H 2 O 2 in stimulatory glucose produces an abnormal ROS increase and causes oxidative damage, which the weak antioxidant capacity of β-cells presumably fails to neutralize [53] , resulting in inhibition of GSIS.
Effects of H 2 O 2 on Insulin Secretion
Effects of H 2 O 2 on [Ca
Thimerosal, an oxidizing agent that effectively enhances the activity of skeletal RyR1 and cardiac RyR2 channels [61] ] i increases elicited by depolarization of human β-cells [63] , or elicited by increased glucose levels in cell lines and pancreatic β-cells [9] . This result strengthens our proposal that the increased insulin secretion promoted by H 2 O 2 at basal glucose concentration is due to an 
Conclusions
According to the model proposed in this study (Fig 9) , the increased ROS generation produced by cellular glucose metabolism makes possible the activation of RyR channels by the local and moderate [Ca 2+ ] i increase produced by Ca 2+ entry from the extracellular medium in response to glucose-induced β-cell depolarization. Although not directly tested here, the glucose-induced increase in ATP concentration may also contribute to enhance RyR channel activation by Ca
2+
, as reported in single RyR channels from neuronal cells [66] . The resulting RyR-mediated CICR would provide the [Ca 2+ ] i increase required for insulin secretion. Our hypothesis, presenting GSIS as the combined result of glucose-induced Ca 2+ entry and glucose-induced ROS generation leading to enhanced RyR-mediated CICR, adds a new concept to the physiology of the pancreatic β-cell. Our results may also explain why prolonged glucose elevations, which promote oxidative stress [67] , adversely affect the function of pancreatic β-cells, since excessive activation of RyR-mediated CICR by ROS may promote cellular damage leading to cell death.
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